People with the apolipoprotein-Eε4 (APOE-4) genetic risk for Alzheimer's disease show morphologic differences in medial temporal lobe regions when compared to non-carriers of the allele. Using a high-resolution MRI and cortical unfolding approach, our aim was to determine the rate of cortical thinning among medial temporal lobe subregions over the course of 2 years. We hypothesized that APOE-4 genetic risk would contribute to longitudinal cortical thickness change in the subiculum and entorhinal cortex, regions preferentially susceptible to Alzheimer's disease related pathology. Thirty-two cognitively intact subjects, mean age 61 years, 16 APOE-4 carriers, 16 non-carriers, underwent baseline and follow-up MRI scans. Over this relatively brief interval, we found significantly greater cortical thinning in the subiculum and entorhinal cortex of APOE-4 carriers when compared to non-carriers of the allele. Average cortical thinning across all medial temporal lobe subregions combined was also significantly greater for APOE-4 carriers. This finding is consistent with the hypothesis that carrying the APOE-4 allele renders subjects at a higher risk for developing Alzheimer's disease.
Introduction
Alzheimer's disease (AD) has multiple and interacting etiologic factors. The ε4 allele of the apolipoprotein E gene (APOE-4) on chromosome 19 is the only well-established genetic risk factor for sporadic AD (Brouwers et al., 2008) . Carrying the APOE-4 allele is associated with higher risk for developing AD and earlier age of onset (Corder et al., 1993) . However, the APOE-4 allele does not cause the disease, and the relatively high prevalence in the general population suggests antagonistically pleiotropic effects, which can be found in many genetic variants (Wright et al., 2003) .
Neuroimaging studies have revealed structural and functional brain differences among cognitively healthy APOE-4 carriers when compared to non-carriers. Using functional magnetic resonance imaging (fMRI), Bookheimer et al. (2000) found increased magnitude and extent of brain activation during tasks requiring memory in healthy APOE-4 carriers compared to non-carriers. Other fMRI data support these findings (Bondi et al., 2005) . Positron emission tomography (PET) reveals reduced glucose metabolism associated with APOE-4 genetic risk in healthy people (Reiman et al., 2005) . Cognitively normal APOE-4 carriers also show increased uptake of the amyloid binding ligand PIB (Reiman et al., 2009) and the amyloid and tau binding ligand FDDNP ) when compared to subjects not carrying the risk allele.
Advances in spatial resolution and image analysis techniques allow examining regional brain characteristics that might be associated with AD risk in the normal population. This work may contribute to identifying people at greater risk for future cognitive decline. It may also enhance understanding of the relationship between AD risk factors, regional brain structure, and cognitive performance. Hippocampal atrophy is known to be associated with memory impairment and AD (de Leon et al., 1996; Rusinek et al., 2003) , but it remains controversial whether hippocampal atrophy is present in healthy people due to APOE-4 genetic risk (Cherbuin et al., 2008; Jack et al., 1998; Mueller et al., 2008) . Recent data have shown that when compared to volumetry, medial temporal lobe (MTL) cortical thickness measures may provide better representation of associations between APOE genetic variants and MTL structure changes, given the laminar organization of the cerebral cortex, and the expected subtlety of changes within healthy subjects (Burggren et al., 2008) . Cortical thickness measurements have been used to assess structural cortical changes with reasonable accuracy and reliability across many diseases, including memory disorders (Bakkour et al., 2009; Thompson et al., 2003) . While several MRI studies have documented reduced volume (Apostolova et al., 2006; Devanand et al., 2007) and cortical thinning (Morra et al., 2009; Thompson et al., 2007) in mild cognitive impairment (MCI) and AD subjects, there has been very little work done examining longitudinal MRI changes in healthy volunteers with a genetic risk for AD.
One approach developed in our laboratory examines subregions of the MTL system using high-resolution MRI combined with cortical unfolding. First applied to the visual cortex (Engel et al., 1997) , we adapted this procedure to the MTL (Ekstrom et al., 2009a; Zeineh et al., 2000 Zeineh et al., , 2001 . This approach uses high-resolution MRI images and increases the visibility of the convoluted MTL cortex while allowing us to measure cortical thickness directly and separately across subregions of the MTL. Using this approach, Burggren et al. (2008) identified reduced cortical thickness in the subiculum (SUB) and entorhinal cortex (ERC) among healthy elderly APOE-4 carriers.
Because APOE proteins are differentially involved in neuronal repair and plasticity processes (Teter et al., 2002) , we predict greater decline in neural integrity during the aging process in APOE-4 carriers. In the present study, we used the cortical unfolding approach to identify cortical thinning in a 2-year follow-up among cognitively intact elderly subjects with and without the APOE-4 allele. We hypothesized that subjects with the APOE-4 genetic risk would show increased cortical thinning over time in SUB and ERC, regions susceptible to AD pathology.
Materials and methods

Subjects
Thirty-two subjects (16 APOE-4 carriers, 16 non-carriers) participated in this study, which was performed at the Semel Institute for Neuroscience and Human Behavior and the Ahmanson-Lovelace Brain Mapping Center, University of California, Los Angeles. All participants gave written informed consent in accordance with the UCLA Human Subjects Protection Committee procedures. Participants were selected from a pool of 130 control, MCI and AD subjects recruited though advertisements that underwent baseline and followup MRI scans and clinical/neuropsychological examinations from 2004 to 2010. From this sample we excluded 48 subjects showing MCI or dementia at either baseline or follow-up, according to NINCDS-ADRDA criteria (McKhann et al., 1984) , scoring <27 points on the Mini Mental State Exam , and >0 points on the Clinical Dementia Rating Scale (Hughes et al., 1982) . Subjects underwent diagnostic evaluation including physical and neurological examination, medical history assessment, laboratory screening tests that ruled out medical illnesses possibly affecting cognition, APOE genotyping and neuropsychological testing. General exclusion criteria were a history of psychiatric or neurological disorder, alcohol or substance abuse, head trauma, epilepsy or major systemic disease affecting brain function, as well as arterial hypertension and cardiovascular disease. Three of the excluded subjects meeting criteria for dementia showed signs of extensive white matter disease. Three subjects were excluded because they did not participate in APOE genotyping. Thirty-nine subjects were excluded because they did not have complete MRI data at both timepoints (either did not complete the scan or scans were artifactual). Eight subjects' data were lost due to computer hardware failure in 2005.
Both neuropsychological examination and MRI scans were acquired twice for each subject, with 25.5±8.9 months between scans. A neuroradiologist reviewed the MRI scans to rule out medical conditions that would lead to exclusion of subjects. Demographic parameters and neuropsychological test results are given in Table 1 . Among the 16 subjects not carrying the APOE-4 allele were 15 subjects with the APOE-3/3 genotype and one subject with the APOE-2/3 genotype. Among the 16 APOE-4 allele carriers were 15 subjects with the APOE-3/4 genotype and one homozygous APOE-4 subject. 12 non-APOE-4 carriers and 10 APOE-4 subjects had a first-degree relative diagnosed with AD.
Neuroimaging
MRI scanning was performed on a Siemens Allegra 3T head-only MRI scanner. We obtained sagittal T1 weighted magnetization prepared rapid acquisition gradient-echo (MPRAGE) volumetric scans [TR 2300 ms, TE 2.93 ms, slice thickness 1 mm, 160 slices, in-plane voxel size 1.3×1.3 mm, FOV 256 mm] for volumetric measurements and highresolution oblique coronal T2 weighted fast spin echo (FSE) sequences for structural segmentation and unfolding procedures [TR 5200 ms, TE 105 ms, slice thickness 3 mm, spacing 0 mm, 19 slices, in-plane voxel size 0.39×0.39 mm, FOV 200 mm]. The first scans of three subjects in each group were obtained with different FSE parameters [TR 4000 ms, TE 100 ms, slice thickness 3 mm, spacing 1 mm, 19 slices, in-plane voxel size 0.43×0.43 mm, FOV 200 mm]. The new parameters improved the spatial resolution both within and through plane and were adopted for all subsequent scans; the corresponding thickness values did not significantly differ in mean and distribution from those obtained with the former parameter set. Excluding these subjects did not change our results.
Cortical unfolding (Fig. 1 ) is aimed at enhancing the visibility of the convoluted MTL cortex by flattening of the entire MTL gray matter volume to 2D-space (Zeineh et al., 2000 (Zeineh et al., , 2001 . Gray matter is first specified by manually defining white matter and cerebrospinal fluid (CSF) on an oblique coronal T2 FSE structural MRI sequence with high in-plane resolution. High in-plane resolution is critical for the accuracy of the manual cortical segmentation. Greater slice thickness allowed the achievement of 0.39×0.39 mm in-plane resolution within a reasonable acquisition time and excellent tissue contrast. However, boundary changes between slices will be affected by the larger through-plane resolution. This effect is minimized by acquiring images perpendicular to the long axis of the hippocampal system, as the anatomy is most variable in cross sections and least variable along the long axis. After the segmentation step, the original images are interpolated by a factor of 7, yielding a final voxel size of 0.39×0.39×0.43 mm. Then, up to 18 connected layers of gray matter are grown out using a region-expansion algorithm to cover all pixels defined as gray matter, resulting in a gray matter strip containing cornu ammonis (CA) fields 1, 2, and 3, the dentate gyrus (DG), subiculum (SUB), entorhinal cortex (ERC), perirhinal cortex (PRC), parahippocampal cortex (PHC), and the fusiform gyrus (FUS). Due to limits in resolution CA fields 2, 3, and DG are treated as a single entity (CA23DG). The unfolding procedure, an iterative algorithm based on multidimensional scaling, was performed with modified mrUnfold software (http://airto.hosted.ats.ucla.edu/Hippocampus/; Engel et al., 1997) . Boundaries between subregions were delineated on the original in-plane MRI images, based on histological and MRI atlases (Amaral and Insausti, 1990; Duvernoy, 1998; Mai, 1997) and then projected mathematically to their flat map space coordinates. Cortical thickness was calculated in 3D-space in the following regions: CA23DG, CA1, SUB, ERC, PRC, PHC, and FUS. We also calculated overall MTL cortical thickness ("Global") by averaging thickness across subregions. For each gray matter voxel the distance to the closest non-gray matter voxel was computed. In 2D-space, for each voxel, the maximum distance value of the corresponding 3D voxels across all layers was taken and multiplied by two. Mean thickness in each subregion was calculated by averaging thickness of all 2D voxels within each region of interest.
The same person performed the manual procedures for baseline and follow-up MRI scans and was unaware of the participants' APOE genotype and all other demographic and clinical information. All 64 MRI scans were processed in random order. Processing of each scan pair was therefore independent. Manual image segmentations were performed in native space in line with previous studies using the cortical unfolding technique (Burggren et al., 2008; Ekstrom et al., 2009a; Suthana et al., 2009 ). Registration to an anatomical template could have introduced another confounder possibly influencing the detection of subtle group differences in cortical morphology. Inter-rater and test-retest reliability analyses have been reported previously for the manual procedures involved (Burggren et al., 2008; Ekstrom et al., 2009b) . To assess reliability in this sample given a single rater, we additionally performed the procedure twice in three subjects on two separate scans acquired 3 weeks apart. Test-retest results showed average measurement differences ranging from 0.1% to 1.2% across subregions, suggesting that the method is reliable, with sufficiently small variability to enable detection of longitudinal changes. The procedure's ability to provide topographically correct flat maps has been demonstrated in several ways, including accurate reconstruction of the hippocampus from a flat map (Ekstrom et al., 2009a,b; Zeineh et al., 2000 Zeineh et al., , 2001 .
Comparison of brain volumes between subjects and time points were performed using SIENA image analysis (Smith et al., 2002) within the Analysis Group at the Oxford Centre for Functional MRI of the Brain (FMRIB) software library (FSL) to obtain volumetric data from T1 weighted MPRAGE MRI scans. For longitudinal analysis two brain images were aligned to each other and resampled into the space halfway between the two. After tissuetype segmentation to determine brain/non-brain edge points, perpendicular edge displacement between timepoints was estimated at these edge points. Mean edge displacement was converted into an estimate of percentage brain volume change between timepoints (Smith et al., 2002 ; http://www.fmrib.ox.ac.uk/analysis/research/siena/). MTL volumes were obtained by averaging the volume of each unfolded region's voxels in 3D-space (Burggren et al., 2008) . We measured brain volumes from the T1 scans rather than using high in-plane resolution T2 data, since these images are easily affected by subtle differences in slice orientation and field of view. Both brain volume-corrected and raw cortical thickness data have been analyzed. Since no statistically significant difference in any of the analyses occurred due to volume correction we always refer to raw data.
Statistical analysis
We estimated mixed general linear models for baseline cortical thickness and percent of change in cortical thickness over time. We used subregions as a within-group factor, and conducted post hoc univariate tests only after significance was established by the multivariate F tests, to determine the subregions that contributed to the significant findings. Using the interval between scans as a covariate did not change the results. Additional ANOVAs have been performed for MTL and brain volume comparisons as well as analyses of neuropsychological data. Statistical analyses used a significance level of p<0.05 (twotailed).
Results
There were no significant differences in the neuropsychological test scores between groups at baseline. As shown in Table 1 , 2 years later no performance changes could be detected. APOE-4 carriers and non-carriers were equivalent in cortical thickness at baseline, which allowed us to specifically examine the effects of genotype on longitudinal change. We did not find an association between cortical thickness change and cognitive change.
Within-group cortical thickness results: subjects not carrying the APOE-4 allele did not show cortical thinning over time within group overall (F(1,30) = 0.9, p = 0.3) or within subregions (all p-values>0.05). In contrast, APOE-4 subjects showed a significant longitudinal thickness decrease overall (F(1,30)=6.0, p=0.02) due to significant simple effects in CA1 (p=0.02), SUB (p<0.001), ERC (p=0.002), PRC (p=0.002), PHC (p<0.001), FUS (p<0.001). When the entire medial temporal region was considered as a whole there was also a significant decrease in cortical thickness among APOE-4 subjects (Global thickness; p<0.001).
Between-group cortical thickness results: In the longitudinal analysis, APOE-4 carriers showed a significantly greater decrease in cortical thickness over time than did non-carriers (F(1,30)=6.9, p=0.01) in SUB (7% greater decrease in APOE-4 carriers, p=0.02) and ERC (4%, p=0.03), Fig. 2 . Global thickness also decreased significantly more in APOE-4 carriers (4%, p=0.01).
Because of the small sample size we additionally performed non-parametric statistics (Wilcoxon Mann-Whitney tests for between-group analyses; signed rank tests for withingroup analyses). Using non-parametric statistics did not change the pattern of significant results between or within groups.
Volumetric analysis: In addition to calculating regional cortical thickness, we also performed a more traditional volumetric analysis on the MTL gray matter as well as the whole brain volume (gray and white matter). APOE-4 carriers showed 2.8% MTL volume loss and 0.2% whole brain volume loss over the 2-year interval, whereas non-carriers showed 1.1%/0.1% volume loss, respectively. However, there was no statistically significant volume difference between groups at baseline (MTL: p=0.9, whole brain p=0.3) or for percent of volume loss over time (MTL: p=0.7, whole brain p=0.9).
Discussion
Our data indicate that among cognitively healthy APOE-4 carriers the rate of cortical thinning over time is significantly greater in SUB and ERC when compared to non-carriers of the APOE-4 allele. Global cortical thinning (average across subregions) was also significantly greater among APOE-4 carriers. Within group, non-APOE-4 carriers did not show cortical thinning over time whereas APOE-4 carriers showed decrease in cortical thickness in all subregions except CA23DG.
The APOE-4 allele is recognized as the most important genetic risk factor for sporadic AD known today (Brouwers et al., 2008) . Using different neuroimaging techniques several studies have revealed structural and functional brain characteristics among cognitively healthy APOE-4 allele carriers that may be associated with AD risk (e.g., Bookheimer et al., 2000; Burggren et al., 2008; Reiman et al., 2005) . However, APOE-4 associated characteristics are already present in children and young adults (Reiman et al., 2004; Shaw et al., 2007) . For example, Shaw et al. (2007) found a thinner ERC in children carrying the APOE-4 allele. This could represent a genetically determined neuroanatomic property, effectively a static risk factor, such that less thinning may be required to develop clinical symptoms once a neurodegenerative process starts later in life (Shaw et al., 2007) . It is unlikely that in this case the thinner ERC itself reflects pathology. Cortical thinning in children and adolescents is associated with physiological cortical maturation (Sowell et al., 2001 ). The thinner ERC may represent a more mature cortex, which could be beneficial with respect to cognitive performance. There is evidence for early developmental benefits associated with the APOE-4 genotype, resulting in greater verbal fluency abilities , or a more economic use of learning-related neural resources (Mondadori et al., 2007) . The relatively high prevalence of the APOE-4 allele in the general population is also in line with the allele's possible antagonistically pleiotropic effects (Wright et al., 2003) . However, Sowell et al. (2001) demonstrated that in children frontal lobe gray matter thinning/maturation was more predictive for cognitive performance than cortical structure changes within the MTL.
Few studies have demonstrated longitudinal changes in brain structure and function in cognitively intact APOE-4 carriers. It has been shown that there is greater decline in brain glucose metabolism when comparing middle-aged healthy APOE-4 carriers and non-carriers in a 2-year follow-up . Chen et al. (2007) reported greater whole brain atrophy in 47-to 68-year-old cognitively normal homozygous but not heterozygous APOE-4 subjects compared to subjects not carrying the APOE-4 allele within a 2-year period, suggesting that APOE-4 gene dose contributes to longitudinal morphological changes. The authors used two different image analysis methods (brain boundary shift integration/iterative principal component analysis; Chen et al., 2007) and reported annual atrophy rates of 0.08%/0.43% for non-APOE-4 carriers, 0.18%/0.58% for heterozygous APOE-4 carriers, and 0.37%/0.76% for homozygous APOE-4 carriers. Cohen et al. (2001) found significantly greater percent of change in hippocampal volume due to APOE-4 genetic risk (annual rate: 2.3% for APOE-4 carriers, and 0.77% for non-carriers). Our volumetric data show a similar magnitude of volume loss over time, although we did not find significant volumetric effects. However, studies examining the association between APOE genotype and hippocampal volume have shown mixed results (Cherbuin et al., 2008; Jack et al., 1998) . Burggren et al. (2008) demonstrated that measuring cortical thickness might better reflect morphological changes of the layered cortical architecture than hippocampal volume. They showed that cortical thickness but not volume was reduced in SUB and ERC among cognitively healthy APOE-4 participants when compared to non-APOE-4 carriers. The present study similarly indicates greater sensitivity of subregional thickness measures compared to overall volume in longitudinal changes in an at-risk population. Our data suggest a dynamic process of thickness decline in elderly subjects. Aging is associated with decreased synaptic plasticity and reduced hippocampal neurogenesis (Cameron and McKay, 1999) . APOE proteins are involved in neuronal plasticity and repair processes, possibly through isoform-specific functions in cholesterol and phospholipid metabolism. The presence of the APOE-3 allele stimulates neuronal growth in cell cultures, whereas the APOE-4 allele is associated with decreased or inhibited neuronal sprouting (Teter et al., 2002) . It is therefore likely that agerelated decline in MTL thickness would be more pronounced in APOE-4 carriers due to lower neuronal repair efficiency. This would suggest vulnerability for AD but does not necessarily reflect AD pathology. Alternatively, greater cortical thickness decline in ERC and SUB of older APOE-4 carriers may be due to cellular processes related to AD pathology. ERC is the first region showing AD-related neurofibrillary tangle deposition, perhaps decades before the onset of clinical symptoms (Ohm et al., 1995) , that later spreads to SUB and CA fields (Braak and Braak, 1991) .
Although between-group patterns in baseline cortical thickness differ from our previous study (Burggren et al., 2008) , we suggest that our recruitment strategy, which was to select subjects that were cognitively healthy at two time points, could contribute to this finding. Subjects that were cognitively healthy at baseline but later developed MCI were excluded from the analysis as we wanted to focus on subjects in the "normal" range of cognition. The rigorous selection of longitudinally stable healthy subjects may have biased our sample towards finding study participants that were equivalent in cortical thickness metrics at baseline; a more random selection of subjects might have shown greater differences in hippocampal structure at baseline. Additionally, more non-APOE-4 carriers and fewer APOE-4 subjects in this study compared to our previous study (Burggren et al., 2008) had a family history of AD; there was no overlap in the subject population between these studies. Family history risk of AD may reflect yet unknown genetic and non-genetic risks for AD. We recently demonstrated that family history of AD is associated with reduced cortical thickness of medial temporal lobe subregions independent of APOE genotype (Donix et al., 2010) . Our data suggest that if we had assessed subjects at a slightly later date we would have found baseline cortical thickness differences. It is unclear, however, whether this would have affected the annual rate of longitudinal cortical thinning. The possible relationship between baseline thickness and rate of longitudinal change should be investigated in future studies.
This study has several limitations: Our subject sample size is relatively small, limiting our ability to draw broader conclusions across a range of subject characteristics including age of assessment and family history, to name a few. AD risk factors possibly contributing to having a family history for AD, such as cerebral vascular risk and shared environmental factors could differ between subjects. It is also not possible to determine whether these patterns would be representative for the general population, as our APOE-4 subjects may represent a uniquely healthy risk group and our APOE-3 subjects have a relatively high rate of family history risk. Future examination of cognitively impaired people differing in APOE genotype status using the same image analysis technique could help determine whether the effects seen in this study are driven by subclinical disease. The causes of cortical thinning cannot be revealed using MRI alone. Further longitudinal investigations should examine whether specific patterns of cortical thickness change are associated with the subsequent decline into AD and which anatomical features might be related to pathological versus normal aging.
In summary, we found that subjects carrying the APOE-4 allele when compared to noncarriers show greater decline in cortical thickness in SUB and ERC over a 2-year interval. Our results contribute to the hypothesis that the APOE-4 allele determines a neuroanatomic endophenotype that renders individuals at a higher risk for developing AD due to its different cortical architecture. These structural characteristics could be more dynamic as we age, when APOE-4 related impairment in synaptogenesis and neuronal repair is likely to have greater impact. Other variables, such as a family history of AD could be additionally modulating factors that may contribute to reach a critical threshold in neuronal integrity. Whether this is a necessary condition for the development of AD or may itself represent a first stage of a neurodegenerative disorder remains unknown. Cortical unfolding method. Using high-resolution magnetic resonance images (A), white matter (B, blue) and cerebrospinal fluid (B, yellow) are manually segmented. The resulting gray matter strip is then computationally unfolded and flattened. Boundaries (C) between subregions are delineated on the original images and then projected onto the flat map (D, right side shown). CADG=anterior CA fields and dentate gyrus, CA23DG=CA fields 2, 3 and dentate gyrus, CA1=CA field 1, SUB=subiculum, ERC=entorhinal cortex, PRC=perirhinal cortex, PHC=parahippocampal cortex, FUS=fusiform cortex. Cortical thickness change over time (%) across subregions. The color-coded flat maps visualize cortical thickness change over the 2-year follow-up period in APOE-4 carriers and non-carriers for both hemispheres separately. The graph below provides average (across both hemispheres) cortical thickness change for all subregions over time (mean±SE). Significant between-group differences are indicated (*, p<0.05, two-tailed). APOE-4 carriers compared to non-carriers showed significant greater cortical thinning in SUB, ERC, and Global. CADG=anterior CA fields and dentate gyrus, CA23DG=CA fields 2, 3 and dentate gyrus, CA1=CA field 1, SUB=subiculum, ERC=entorhinal cortex, PRC=perirhinal cortex, PHC=parahippocampal cortex, FUS=fusiform cortex, Global=average thickness across all subregions, e3=non-APOE-4 carriers, e4=APOE-4 subjects. 
